INTRODUCTION
Morphogenesis, together with cell growth and cellular differentiation, is one of the fundamental processes of development. The coordination of morphogenetic movements involves interactions among the extracellular matrix, the cell surface, and the cytoskeleton (Chin-Sang and Chisholm, 2000) . The epidermis is the largest organ in Caenorhabditis elegans, and its structure defines the shape and the size of the animal. During embryogenesis an ovoid ball of cells changes into a worm-shaped larva, driven by the migration, fusion, and elongation of epidermal cells (Simske and Hardin, 2001 ). Disruption of any of these processes leads to arrested embryos. Whereas early embryonic elongation depends on circumferentially oriented actin in the epidermal cells (Priess and Hirsh, 1986) , processes beyond the twofold stage require proper connections among the epidermis, basement membrane (BM), and underlying body wall muscles (Francis and Waterston, 1991; Williams and Waterston, 1994) . Once elongation is complete, hypodermal cells secrete the extracellular cuticle to hold the hypodermal cells in their final shape (Priess and Hirsh, 1986) .
Teneurins are a family of phylogenetically conserved proteins described in Drosophila (Baumgartner et al., 1994; Levine et al., 1994; Fascetti and Baumgartner, 2002; Rakovitsky et al., 2007) , zebrafish (Mieda et al., 1999) , chicken (Minet et al., 1999; Tucker et al., 2001) , mouse (Oohashi et al., 1999; Ben-Zur et al., 2000; Zhou et al., 2003) , and C. elegans (Drabikowski et al., 2005) . Teneurins are expressed during pattern formation and morphogenesis. They encode type II transmembrane proteins with a conserved domain structure consisting of an intracellular domain containing several conserved prolinerich regions, a single transmembrane domain, and an extracellular domain, which encompasses the major part of the protein. The extracellular domain consists of eight consecutive epidermal growth factor-like repeats, an extended region of conserved cysteines, and a stretch of YD repeats toward the C-terminus. The predicted mass of teneurin monomers is ∼300 kDa (Feng et al., 2002) .
A single gene, named ten-1, encodes the sole orthologue of teneurins in C. elegans. Gene expression is controlled by two alternative promoters, ten-1a and ten-1b, resulting in two transcript versions differing in the length of the intracellular domain. Promoter green fluorescent protein (GFP) fusion proteins show distinct expression patterns: the upstream promoter ten-1a is predominantly active in mesoderm, whereas the downstream promoter ten-1b is predominantly active in the ectoderm (Drabikowski et al., 2005) . TEN-1 is important for epidermal morphogenesis, gonad migration, neuronal path finding, and BM integrity of several tissues (Drabikowski et al., 2005; Trzebiatowska et al., 2008) . Two deletion alleles of ten-1 were characterized as genetic null alleles: ok641 and tm651 (Trzebiatowska et al., 2008) . Both mutants display pleiotropic phenotypes, including embryonic lethality, larval arrest, sterility, protruding vulva, or bursting through the vulva. Often germ cells are leaking from the developing gonad into the body cavity because of the rupture in the gonadal BM during the second larval stage. Attempts to investigate the function of ten-1 led to the discovery of genetic interactions of ten-1 with the BM-associated genes related to dystroglycan (dgn-1), integrin (ina-1), laminin (epi-1), and nidogen (nid-1). These experiments suggested that ten-1 acts in a parallel pathway with a partly redundant function to dystroglycan and/or integrin receptors (Trzebiatowska et al., 2008) . Several studies on mutations in genes encoding BM molecules illustrate the importance of these components in morphogenesis. In C. elegans, a thin BM lines the pseudocoelomic cavity and separates the body wall muscle cells from the hypodermis and nervous system (White et al., 1976) . A similar BM surrounds the intestine and gonad, whereas a thicker BM surrounds the pharynx (Albertson and Thomson, 1976; White, 1988) .
In C. elegans, type IV collagen is expressed by the body wall muscle cells . Two genes have been identified to encode BM collagen IV, emb-9 and let-2. Before the proteins are assembled and deposited in the BM they undergo several steps of modifications in the endoplasmic reticulum. In vertebrates an essential role has been identified for the prolyl 4-hydroxylase (P4H). Proline hydroxylation of procollagen is important for the folding of the collagen chains into stable trimers at physiological temperatures (Fessler and Fessler, 1978) . The enzyme P4H consists of an enzymatic subunit and a protein disulfide isomerase subunit. The loss of the enzymatic subunit causes embryonic lethality in the mouse due to the loss of BM integrity (Holster et al., 2007) . Genes encoding the subunits of the P4H are phylogenetically conserved. Four genes have been identified to encode the enzymatic subunit of the C. elegans P4H: phy-1 (also known as dpy-18), phy-2, phy-3, and phy-4 (Winter and Page, 2000; Myllyharju et al., 2002; Riihimaa et al., 2002; Keskiaho et al., 2008) . Epistasis analyses show that phy-1 in complex with phy-2 is essential for the survival of the C. elegans (Friedman et al., 2000) . phy-1 mutations alone result in a mild dumpy phenotype, whereas animals lacking phy-2 alone are superficially wild type. This indicates that phy-1 codes for the most important subunit for the function of P4H at normal physiological conditions. P4H in C. elegans has been implicated in the modification of cuticle collagens but not in the maturation of BM collagen.
In this study, we characterize a novel genetic interaction between ten-1 and phy-1 and investigate ten-1 function during late embryonic elongation in a phy-1 deletion background. The characterization of the genetic interaction between ten-1 and phy-1 indicates a further link between TEN-1 and the extracellular matrix involving BM collagen IV. Furthermore, we contribute new insights into the function of phy-1 in C. elegans.
RESULTS

Loss of P4H function in ten-1 null mutants results in embryonic lethality
We performed a genome-wide RNA interference (RNAi) screen to identify novel genetic interaction partners of ten-1 (unpublished data). This screen led to the identification of phy-3 as an interaction partner of ten-1. Knockdown of phy-3 by RNAi in a ten-1 deletion background resulted in enhanced embryonic and larval lethality, as well as an overall reduced brood size in comparison to an empty vector control. Knockdown of phy-3 in a wild-type background did not lead to any obvious effect. phy-3 belongs to a family of genes coding for catalytic subunits of the collagen-modifying enzyme prolyl 4-hydroxylase. Four isoforms have been identified in C. elegans: phy-1, phy-2, phy-3, and phy-4. The mRNA sequences of all genes are very similar. To investigate whether the decrease of phy-3 mRNA level caused off-target effects, we performed quantitative real-time PCR analysis during rescreening of this candidate. We found that the RNAi for phy-3 also affects the expression levels of phy-1 and phy-2 (Supplemental Figure S1 ). To determine whether a single gene or a combination of them caused the enhancement of the ten-1 mutant phenotype, we generated double-and triple-knockout mutants using the null alleles phy-1(ok162), phy-2(ok177), and phy-3(ok199). We found that only the deletion of phy-1 results in a significant increase (20%) in embryonic lethality in a ten-1 mutant background (Table 1) . Deletion of phy-3 in a ten-1 phy-1 mutant background did not increase any of the analyzed phenotypes (Supplemental Table S2 ). We also examined ten-1 phy-1 double-mutant animals for sterility, protruding vulva, and bursting-through-thevulva phenotypes but could not find any differences in comparison with the ten-1 single mutant (unpublished data). Furthermore, ten-1 phy-1 mutant animals were dumpy to the same extent as the phy-1(ok162) single mutant itself. To show that the genetic interaction of ten-1 and phy-1 is allele independent, we repeated the doublemutant analysis for the second ten-1 deletion allele, tm651. Indeed, we confirmed the increase in embryonic lethality when phy-1 function is depleted (Table 1) . Thus the genetic interaction between ten-1 and phy-1 is true for two independent alleles of ten-1, ok641, and tm651.
To show that the phenotype of the ten-1(ok641) phy-1(ok162) double mutant is specific for the loss of phy-1, we expressed the phy-1 cDNA under its endogenous promoter in the double mutant. The construct rescued the dumpy phenotype, as well as the increased embryonic lethality ( Figure 1A and Table 1 ). Thus our analysis identified phy-1 as a novel genetic interaction partner of ten-1, specifically affecting embryonic lethality.
phy-1 is predominantly expressed in the epidermis, where it functions in the hydroxylation of cuticle collagens (Hill et al., 2000) . We tested whether the loss of phy-1 function in the epidermal cells is responsible for the increase in embryonic lethality in ten-1(ok641) deletion mutants. Expression of phy-1 under the control of the epidermis-specific eff-1 promoter did rescue the dumpy phenotype but not the embryonic lethality of the double mutant ( Figure 1B and Table 1 ). In contrast, expression of phy-1 under the control of the muscle-specific promoter myo-3 was able to rescue the embryonic lethality but not the dumpy phenotype ( Figure 1C and Table 1 ). Thus the embryonic lethality of the ten-1(ok641) phy-1(ok162) double mutant is due to the loss of a previously unidentified function of phy-1 in the body wall muscles of C. elegans.
ten-1 phy-1 mutants arrest during late elongation with morphological defects To investigate the nature of the embryonic lethality in the ten-1 phy-1 double mutant, we analyzed embryos using time-lapse Nomarski microscopy. We found that ten-1 phy-1 double-mutant embryos display defects in epidermal elongation (Figure 2 ). Wild-type embryos cultured at 20°C begin to elongate ∼350 min after first cleavage and complete elongation by ∼600 min. At the 1.75-fold stage, muscle contractions begin and embryos start to twitch. By the twofold stage, embryos roll vigorously. Synthesis and deposition of the larval cuticle start by ∼690 min (Figure 2A and Supplemental Movie S1).
The embryos hatch at ∼800 min. phy-1(ok162) mutant embryos were indistinguishable from wild type in their embryonic elongation ( Figure 2C and Supplemental Movie S3). Embryonic elongation following epidermal enclosure was found to be mostly normal in the ten-1(ok641) deletion mutant ( Figure 2B and Supplemental Movie S2). About 20% of the ten-1 phy-1 double-mutant embryos were embryonic lethal due to arrest at various stages of late elongation. Double-mutant embryos displayed normal elongation prior to the twofold stage. Using time-lapse analysis, we recorded embryos arresting at the 2-or 2.5-fold stage ( Figure 2D ). Embryos were twitching and occasionally rolling. Nevertheless, movements seemed to be distinct from wild-type movements at the same stage of elongation (Supplemental Movies S4 and S5). The development continued, as indicated by cuticle formation and development of the pharynx. None of the recorded embryos displaying the elongation defects hatched.
Embryos showed morphological defects of different severities (Figure 3) . Morphology was analyzed ∼15 h after eggs were laid. By this time control animals have all hatched. About 4% of the embryos had visible body shape defects and bulge formations ( Figure 3C ). About 2% of the embryos ruptured during elongation ( Figure 3D ). However, 13% of the doublemutant embryos elongated to a threefoldlike stage prior to arrest with constrictions in the epidermis or with other mild morphological defects ( Figure 3B) . A thicker epidermis at the anterior side of the animal was often observed. The pharynx appeared bent in the anterior part and misplaced from its central position in comparison to a wild-type embryo at a threefold stage (Figure 3, B FIGURE 1: Tissue-specific rescue of the dumpy phenotype of ten-1(ok641) phy-1(ok162) double mutants. Transgenic and nontransgenic animals of the same population of each rescue line are shown. The dumpy phenotype is rescued by expression of phy-1 under the control of its endogenous promoter (Pphy-1::phy-1) (A) (coinjection marker unc-122::gfp is expressed only in the coelomocytes) or by an epidermal specific promoter (Peff-1::phy-1::gfp) (B). Expression driven by a muscle-specific promoter (Pmyo-3::phy-1::gfp) does not rescue the dumpy phenotype (C) but rescues the embryonic lethality (see Table 1 ). Scale bar, 100 μm.
of embryos at the twofold stage were misplaced ( Figure 4D ). Ventral epidermal cells still showed cell protrusions similar to migrating cells during ventral enclosure. Threefold embryos of the double mutant showed protrusion encompassing epidermal cells and neurons ( Figure 4F ).
Soon after their birth, major epidermal cells start to express and localize AJM-1, an apical epidermal junction protein. Knockdown of ten-1 by RNAi caused defects in hypodermal morphogenesis (Drabikowski et al., 2005) . We used AJM-1 fused to GFP to analyze extent to which epidermal cell fusion was affected in arrested ten-1 phy-1 double-mutant embryos and the control strains ( Figure 4) . A wild-type embryo at a threefold stage showed localization of AJM-1 only at cell-cell junctions. Seam cells can be distinguished from the main hypodermal syncytia hyp 3 to hyp 7 ( Figure 4G ). The ten-1(ok641) single mutant had correctly localized AJM-1, although the overall appearance seemed mildly disorganized ( Figure 4H ). AJM-1 localization in phy-1(ok162) single mutants was indistinguishable from wild type (Supplemental Figure S2C ). Arrested ten-1 phy-1 double-mutant embryos showed severely disorganized AJM-1 expression that was often mislocalized at basal as well as apical positions in the epidermis (Figure 4, I and J) .
We addressed the question of whether the primary reason for the disorganization of AJM-1 could be a fusion defect of epidermal cells. The fusogen eff-1 is known to be essential for fusion of epidermal cells, and mutations in this gene cause embryonic and the threefold stage, showed rolling movements. We never observed that arrested embryos at the threefold stage had defects in cuticle formation, since embryos kept their shape and never shrank. Double mutants and ten-1(ok641) single-mutant embryos showed a similar percentage of embryonic arrest during epidermal enclosure ( Figure 3A ). Only a minor percentage of ten-1(ok641) single-mutant embryos showed late elongation defects, usually accompanied by severe morphological defects and epidermal rupture ( Figure 3F ). In summary, phy-1 deletion intensified morphological defects of ten-1 mutants, causing late embryonic elongation defects in ten-1 phy-1 double mutants.
ten-1 phy-1 embryos have defects in epidermal development and body wall muscles
Elongation of embryos reflects the elongation of epidermal cells along the anterior-posterior axis (Priess and Hirsh, 1986) . We investigated this process by expressing the ten-1b promoter translational fusion to GFP as a reporter in ten-1 phy-1 double-mutant animals and all control strains. As previously shown, this promoter GFP fusion protein is expressed in neurons and in epidermal cells, excluding seam cells (Drabikowski et al., 2005) . We analyzed randomly picked embryos of various stages during late elongation of wildtype and mutant animals ( Figure 4 ). We found that at the 1.5-fold stage epidermal cells of the double-mutant embryos were already misshapen and mislocalized ( Figure 4B ). Syncytia of epidermal cells FIGURE 2: ten-1 phy-1 double-mutant embryos arrest late in elongation. Nomarski images of representative embryos undergoing elongation of (A) wild-type, (B) ten-1(ok641), (C) phy-1(ok162), and (D) ten-1 phy-1 double-mutant strains are shown at the time points indicated. Elongation and morphology of both single mutants are comparable to those of the wild-type embryo. Double mutants stop elongation at the 2-or 2.5-fold stage. Embryos look swollen and develop constrictions in the epidermis (arrow). Scale bar, 10 μm.
(unpublished data). Thus the expression correlated well with the expression of the ten-1b promoter gfp fusion (Drabikowski et al., 2005) . By crossings we combined the myo-3p::mCherry muscle marker and the pten-1b::gfp epidermal marker in the ten-1 phy-1 double mutant. Indeed, we found that in arrested embryos regions with defective epidermal cells overlap with disruptions of the muscle strands, which suggests that there is a compromised connection between these tissues ( Figure 5, D-F) .
The ten-1 phy-1 mutant shows basement membrane defects in arrested embryos
The body wall muscles and epidermis are separated by a BM. Loss of components connecting the body wall muscles, BM, and epidermis leads to arrest in elongation and paralysis of the embryos (Hresko et al., 1999; Bercher et al., 2001; Mackinnon et al., 2002; Bosher et al., 2003; Ding et al., 2008; Woo et al., 2004) . We investigated whether a loss of ten-1 in the phy-1 mutant has an effect on BM integrity. To visualize BMs, we used the LAM-1::GFP reporter. Frequently, we found disorganized BM surrounding the pharynx ( Figure 6 , C and D).We found that arrested ten-1 phy-1 double-mutant embryos showed disrupted BMs between the muscle and the hypodermis (Figure 6, G and H) . Defects in intestinal BM and gonadal BM could not be observed at these stages of development. These defects were not found in wild-type or phy-1 or ten-1 single-mutant embryos ( Figure S3 ).
Collagen IV is essential to stabilize the BMs, and loss of collagen IV leads to embryonic lethality due to late elongation arrest and detachment of body wall muscles from the epidermis . We stained phy-1(ok162) single mutants for EMB-9 and LET-2, the two C. elegans collagen IV chains (Figure 7 and Supplemental Figure S4 ). In wild-type C. elegans, collagen IV is expressed by body wall muscles and first appears as bright clusters of protein in the endoplasmic reticulum at the twofold stage. Most of the protein is assembled and secreted into the BMs surrounding the intestine, pharynx, developing gonad, and between body wall muscles and epidermis at the threefold stage ( Figure 7A and Supplemental Figure S4A ). In contrast, we found that in the phy-1(ok162) mutant intracellular aggregates of protein were still present in muscles of threefold embryos stained with anti-collagen IV antibodies (Figure 7, D and F, and Supplemental Figure S4, D and F) . In addition, the BM staining did not appear as smooth in the mutant as in the wild type. Sometimes staining appeared to be weaker in some parts of the BM, although we never observed a disruption or deformation of BMs. Note that we could not observe any general defects with the laminin GFP reporter either (Supplemental Figure S3) .
phy-1 and phy-2 are components of the enzymatic subunit of prolyl 4-hydroxylase important for the posttranslational modification of collagens. Loss of both phy genes causes embryonic lethality (Friedman et al., 2000) . We knocked down phy-2 by RNAi in phy-1(ok162) deletion mutants and stained arrested embryos for collagen IV; we found an increase in protein aggregates postembryonic cell fusion defects (Mohler et al., 2002) . EFF-1 and TEN-1 are both transmembrane proteins and have overlapping expression patterns in epidermis, pharynx, uterus, and some head neurons. Knocking down eff-1 by RNAi in the ten-1(ok641) mutant did not enhance the epidermal defect that results in embryonic lethality in the ten-1 mutant animals (Supplemental Table S3 ). Thus ten-1 and eff-1 do not act in parallel or synergize in the process of epidermal cell fusion. In summary, arrested ten-1 phy-1 double mutants showed severe morphological defects that accumulate during elongation and could be the result of compromised cell migration rather than fusion defects of epidermal cells.
During late embryogenesis, body wall muscles were shown to be important for proper elongation (Hresko et al., 1994) . The fact that double-mutant embryos arresting around the twofold stage had difficulties with twitching and rolling (cf. Supplemental Movies S4 and S5) prompted us to examine the structure of the body wall muscles. We visualized the body wall muscle structure of arrested ten-1 phy-1 embryos by expressing a myo-3p::mCherry marker ( Figure 5 ). Wildtype embryos at a threefold stage showed continuous muscle strands along the body ( Figure 5C ). Arrested double-mutant embryos had gaps in the muscle strands resulting from muscles that detached from the epidermis ( Figure 5B ). We investigated whether there is a correlation between the defects in the epidermis and in muscles. To show that TEN-1 is indeed expressed in the epidermis, we expressed ten-1 fused to gfp under the ten-1b promoter. We found expression in the dorsal epidermal cells during embryogenesis and in neuronal precursor cells ( Figure 5A ). During larval development and in the adult worm TEN-1 was mainly expressed in the nerve ring, the ventral nerve cord, and some neurons in the tail accumulating intracellularly. Only a small fraction of collagen IV was secreted into the BM, which seemed disorganized (Figure 8) . We also observed aggregates of collagen IV in the ten-1 phy-1 double-mutant embryos arrested around the 2-to 2.5-fold stage (Figure 7, G and I, and Supplemental Figure  S4I ) to an increased extent compared with the phy-1 single mutant. Nevertheless, a large fraction of the collagen IV was secreted and correctly localized. We observed a weakening of basement membranes at places where actin bundles of muscles were disrupted. In addition, we found a loss of integrity of the pharyngeal BM but not the one surrounding the intestine or the developing gonad. These findings are in agreement with the ones made with the laminin GFP reporter described earlier. In summary, ten-1 phy-1 double mutants showed defects in the pharyngeal BM and the BM outlining the pseudocoelomic cavity. Loss of phy-1 causes intracellular accumulation of collagen IV protein and weakens BMs in the double mutant.
Finally, we investigated whether ten-1 and/or phy-1 interact genetically with the collagen IV genes themselves. We used the hypomorphic temperature-sensitive alleles emb-9(g34) and let-2(g37) and analyzed double mutants for embryonic lethality and larval arrest at 20 and 25°C (Figure 9 ). The loss of let-2 in the ten-1 mutant increased the number of larval-arrested animals by ∼20% compared with ten-1 single mutants at 20°C. Because only 2% of let-2(g37) worms are larval arrested at 20°C, the phenotype of the double mutants indicates a functional interaction rather than just an additive effect. At 25°C embryonic lethality is more pronounced in ten-1(ok641);let-2(g37) double mutants than in the let-2 or ten-1 single mutants. Combining the collagen IV mutant alleles with the phy-1 deletion allele increased embryonic lethality and larval arrest significantly at 20 and 25°C. Because phy-1 was not implicated in the function of BMs, we checked for genetic interactions with other important BM genes (Table 2) . We found that phy-1 also genetically interacted with the BM components laminin epi-1 and collagen XVIII cle-1. The reduction of laminin caused enhanced embryonic lethality in phy-1 single mutants. Interference with collagen XVIII expression caused an increase in embryonic lethality and worms bursting through the vulva. This could be an indication for a role of phy-1 in the modification of collagen XVIII. In contrast, we did not find a genetic interaction between phy-1 and integrin ina-1 combining phy-1(ok162) mutant with a hypomorphic allele of ina-1, gm144.
In summary, our data suggest that phy-1 and ten-1 act in parallel in influencing the connection between epidermis and muscle during embryonic development. Proposed roles of TEN-1 and PHY-1 are summarized in Figure 10 . In this model, TEN-1 acts as an epidermal receptor for the BM collagens modified by PHY-1 and secreted by the muscle cells.
DISCUSSION
Loss of phy-1 function enhances ten-1 embryonic lethality
We found that phy-1 loss of function significantly increases embryonic lethality of ten-1 mutant animals and that this interaction is allele independent. We analyzed double-mutant embryos by time-lapse microscopy and found that ten-1 phy-1 embryos arrest during late elongation. The loss of phy-1 enhances the late embryonic defects that are rarely found in ten-1 single mutants. The phy-1(ok162) mutant is indistinguishable from wild-type C. elegans in terms of embryonic and larval lethality. Therefore the phenotype of the double mutant is not just an additive effect but reflects a mechanistic connection between TEN-1 and PHY-1. We characterized the arrested embryos using several GFP fusion markers and found defects in the migration and fusion of epidermal cells. A recent study showed late embryonic defects of the ten-1(ok641) mutant (Morck et al., 2010) . However, embryos with gross epidermal defects are rarely found in ten-1(ok641) mutants, and our analysis shows that embryos predominantly arrest during enclosure. Only 0.36% of ten-1(ok641) mutant animals arrest around the twofold stage or disrupt during elongation.
A proper connection between body wall muscles, epidermal cells, and the separating BM is crucial for successful late elongation (Zhang and Labouesse, 2010) . The ten-1 phy-1 double mutant displayed detachment of body wall muscles and misplacement of epidermal cells during development. These observations suggest a compromised connection between these tissues. We found that TEN-1 is expressed in epidermal cells during embryogenesis, but the subcellular localization of TEN-1 within the epidermis remains to be determined. Of interest, mutants defective in the basal components of the epidermal attachment structures like myotactin, let-805, or the spectraplakin isoform vab-10A display similar phenotypes as we found in the ten-1 phy-1 double mutant (Hresko et al., 1999; Bosher et al., 2003) . In addition, ten-1 mutants show low penetrance of embryonic lethality due to late elongation arrest, indicating a redundant role of ten-1 with other genes during embryonic elongation. Thus loss of phy-1 function seems to affect a process that supports proper ten-1 function. 
Does PHY-1 modify basement membrane collagens?
To form stable helices, procollagens need to be posttranslationally modified. phy-1 codes for the enzymatic subunit of C. elegans P4H and has been shown to be important for modification of cuticle collagens (Hill et al., 2000) . phy-1 and phy-2 double mutants are embryonic lethal, and embryos burst around the time of cuticle secretion (Winter and Page, 2000) . Nevertheless, other observations of double-mutant embryos elongating only to a twofold-like stage prior to their explosion suggest an additional role for the enzyme complex (Friedman et al., 2000) . Staining phy-1(ok162) mutant embryos with anti-collagen IV antibodies revealed accumulations of protein aggregates around the nuclei of body wall muscle cells in fully elongated embryos. We did not observe similar aggregates in wild-type C. elegans. Additional reduction in phy-2 by RNAi increased intracellular collagen IV accumulation in arrested embryos compared with phy-1 mutant embryos. Thus insufficient secretion of collagen IV protein into the BM contributes to the embryonic lethality in phy-1;phy-2 loss-of-function mutants. Furthermore, we found that phy-1 genetically interacts with emb-9 and let-2. These findings indicate a functional connection between PHY-1 and collagen IV.
Our observations linking phy-1 with collagen IV are supported by ten-1 phy-1 double-mutant rescue experiments. Embryonic lethality could be rescued by transient overexpression of phy-1 in body wall muscles. This argues for an important function of PHY-1 in the muscle cells, which express collagen IV. Our results indicate that in C. elegans P4H is responsible for the modification of type IV procollagen, and this is in agreement with similar results obtained in vertebrates (Holster et al., 2007) .
TEN-1 and its role in extracellular matrix assembly/maintenance
There is increasing evidence that TEN-1 functions in the assembly or maintenance of the extracellular matrix in C. elegans. Previously, genetic interactions of ten-1 with the BM receptors integrin ina-1 and dystroglycan dgn-1 were reported. In addition, loss of ten-1 function sensitizes animals toward an enhanced phenotype when combined with mutations in the BM components laminin EPI-1 and nidogen NID-1 (Trzebiatowska et al., 2008) . However, there is specificity of the interaction between ten-1 and BM components. Mutations in cle-1 or unc-52 did not enhance embryonic lethality, larval arrest, or sterility of the ten-1(ok641) mutant (Trzebiatowska et al., 2008) . This does not preclude that unc-52 interacts genetically with ten-1 in other processes, such as axon positioning, as observed by Morck et al. (2010) using a different unc-52 allele than the one used in our study.
In this study we found that a compromised BM lacking collagen IV enhances ten-1 mutant lethality. The morphological appearance of ten-1 phy-1 double mutants partially resembles defects seen in FIGURE 6: Basement membrane integrity is affected in arrested ten-1 phy-1 mutant embryos. Localization of LAM-1 fused to GFP in a single focal plane (left) and merged with the corresponding differential interference contrast image (right). (A, B) Laminin is localized to BMs of the pharynx (pha), intestine (int), and developing gonad (not in focus) of a threefold wild-type embryo. (C, D) Disruption and disorganization of the pharyngeal BM in arrested ten-1 phy-1 embryos. Laminin is generally localized correctly. (E, F) Localization of laminin to the BM between the hypodermis and body wall muscles in a threefold wild-type embryo. One muscle strand is in focus. (G, H) The BM between body wall muscles and hypodermis shows breaks in doublemutant embryos (arrowheads). Corresponding images of threefold embryos of ten-1(ok641) and phy-1(ok162) single mutants are presented in Supplemental Figure S3 . Scale bar 10, μm.
collagen IV mutants. Collagen IV mutants arrest at the twofold or threefold stage due to detachment of body wall muscles from the epidermis . Accumulations of collagen IV protein in ten-1 phy-1 mutant animals appear frequently as two strong spots close to the body wall muscle cell nuclei (Figure 7 and Supplemental Figure  S4 ). Similar staining has been reported when emb-9 mutants were stained for LET-2 protein, indicating that LET-2, the alpha2(IV) chain, is not secreted in the absence of fulllength EMB-9, the alpha1(IV) chain . We postulate that collagen IV is insufficiently modified by PHY-1, resulting in fibrous organelle formation is not clear. In addition, receptors responsible for collagen IV binding are not yet defined in C. elegans. Of interest, we found that loss of ten-1 enhances lethality of the collagen IV mutant let-2(g37), indicating that TEN-1 might be a receptor for type IV collagen and/or guide its assembly in the BM. In summary, our results provide evidence that TEN-1 has a role in BM formation or stabilization required for mechanical stability during the process of late elongation in C. elegans.
Conservation in higher organisms
Our data provide evidence that TEN-1 links epidermal cells via BM proteins, such as collagen IV, to muscle structures. In Drosophila, the Ten-a protein localizes to muscle attachment structures during embryogenesis (Fascetti and Baumgartner, 2002) . Muscle attachment in Drosophila depends on PS integrin (Prokop et al., 1998) , and loss of integrin leads to detachment of epidermal and muscle cells from the ECM. Nevertheless, in the absence of PS integrin, the connection between microtubules and the epidermis is retained, suggesting involvement of additional receptors (Brown, 2000) .
In chicken, teneurin-2 colocalizes with laminin in the optic cup and ventricular endocardium (Tucker et al., 2001) . A recent study investigating the expression of teneurin-4 in the avian embryo describes colocalization of teneurin-4 with laminin in the BM surrounding the endoderm, as well as nests of cells in the mesenchyme (Kenzelmann-Broz et al., 2010) . Thus teneurins might be important for the organization and/or stabilization of basement membranes in vertebrates as well. Recently, another report described a coexpression of the mouse teneurin isoform Odz3 with collagen I and II in distinct regions of the fibrous layer and in the proliferating layer of mandibular condylar cartilage (Murakami et al., 2010) .
The coexpression and colocalization of teneurins with collagens and basement membranes and the action of TEN-1 in conjunction with PHY-1 point to a function of TEN-1 in morphogenetic events requiring the proper deposition of collagenous extracellular matrices and adequate attachment of cells to these extracellular matrices.
MATERIALS AND METHODS
General methods and C. elegans strains
C. elegans strains were cultured at 20°C as described in Brenner (1974) . Wild type refers to the C. elegans variety Bristol strain N2. In intracellular accumulation of protein and subsequent instability of basement membrane.
We found defects in the BM surrounding the pharynx and between body wall muscles and epidermal cells. During elongation, these sites are exposed to mechanical forces by muscle contraction. Fibrous organelles, the structural homologues of vertebrate hemidesmosomes, provide mechanical stability with the onset of muscle contraction during elongation. However, whether collagen IV affects FIGURE 9: ten-1 and phy-1 genetically interact with the collagen IV genes. The mean percentages of progeny of homozygous single and double mutants that arrest during embryogenesis (black), hatch as severely deformed L1 (gray), or arrest as larvae (white) are indicated. Each allele was tested at 20°C (left bars) and 25°C (right bars). The loss of ten-1 increased larval lethality of the let-2 mutant at 20°C by ∼20% (p < 0.001) in comparison to the ten-1(ok641) single mutant alone. In addition, the combination of the phy-1 and let-2 mutants resulted in increased larval (p < 10 −7 compared with single mutants) and embryonic lethality (p < 10 −5 compared with single mutants) at 20°C. The embryonic lethality of ten-1;let-2 or phy-1;let-2 double mutants is more pronounced at 25°C than with the let-2(g37) single mutant. The loss of phy-1 function in the emb-9(g34) mutant resulted in increased embryonic lethality at 20 and 25°C (p < 10 −7
). ten-1(ok641) and phy-1(ok162) single mutants did not show a temperature-sensitive phenotype. At least 400 progeny were examined for each allele at each temperature. 
Constructs and plasmids
The phy-1 rescue construct under the endogenous phy-1 promoter was generated as follows: phy-1 3′ untranslated region (UTR) was amplified from wild-type genomic DNA using 5′gtatccaacaaatg-gatccacg3` and 5`TAGCAGCCGACACTAAACAG3′. The open reading frame of phy-1 was amplified from cDNA and fused to its 3′UTR by PCR using 5′AGAAATATACCGGTAATCCTTGAC3′ and 5′TATGGCGCCTAATTTATTCACGG CAAAGAAAAAGGCAG3′. The resulting PCR fragment was cloned into pPD117.01 (A. Fire) into AgeI and NarI sites. Three kilobases of the phy-1 5′UTR were amplified by PCR using 5′TTTGCATGCTCAACTCTAGCAAAATGGCAC3′ and 5′GGATTACCGGTATATTTCTTTCAG3′. The PCR fragment was cloned into SphI and AgeI sites.
To generate the body wall muscle-specific rescue construct under the myo-3 promoter, phy-1 cDNA was amplified by PCR using 5′TTTCTAGAATGCGCCTGGCACTCCTTGTAC3′ and 5′TTACCGG-TAGGGTCTCCCAGACGTC3′. The PCR fragment was cloned in pPD136.64 (A. Fire) into XbaI and AgeI sites. To express phy-1 under an epidermal promoter, the myo-3 promoter sequence of the aforementioned construct was replaced by 3 kb of the eff-1 5′UTR, which was amplified by PCR from genomic DNA using 5′ATGAATAAGCT-TAATATCTGGCTCAG3′ and 5′TTTTCTA-GAGCTTCTGAAAATAAAATGATACG3′. The PCR fragment was cloned into HindIII and XbaI sites.
To generate the ten-1 expression construct, the entire genomic DNA containing the ten-1b promoter and open reading frame was amplified from the cosmid F36A3 by PCR using 5′TTTCCGCGGT-TCTAAAGGAAATGTGAAGCATG3′ and 5 ′TTTGCCGGCCCTTCAGATTTTCG-GAACTTCC3′. The PCR fragment was cloned into the pPD117.01 (A. Fire) into SacII and NgoMIV sites, resulting in a translational fusion to gfp C-terminally.
Transgenic animals
Transgenic animals were generated by microinjection of DNA into the distal arms of gonads as described (Mello et al., 1991) . phy-1 under its own promoter was injected into N2 at 5 ng/μl plus 10 ng/μl of unc-122::gfp injection marker (made by P. Sengupta) and 85 ng/μl plasmid p3T (MoBiTe). Injection of the full rescue construct resulted in three independent lines, one of which is RU192 [kdEx132(Pphy-1::phy-1:: ]. The muscle-specific rescue construct was injected into N2 at a concentration of 5 ng/μl plus 95 ng/μl plasmid p3T (MoBiTe). One line could be obtained and was named RU191 [kdEx131(Pmyo-3::phy-1::gfp)]. The epidermalspecific construct was injected into N2 at 5 ng/μl plus 10 ng/μl of unc-122::gfp injection marker and 85 ng/μl plasmid p3T (MoBiTe). Injection resulted in two independent lines, one of which is RU198 [kdEx133(Peff-1::phy-1::gfp, unc-122::gfp)]. All plasmids were linearized with AhdI or FspI prior to injection. For rescue of the ten-1(ok641) phy-1(ok162) double mutant, hermaphrodites were crossed with transgenic males carrying the extrachromosomal arrays. For a summary of results see Table 1 .
Transgenic strains carrying ten-1::gfp expression construct were obtained by microparticle bombardment. The unc-119(ed3) III strain (DP38) was cobombarded with the ten-1::gfp expression construct and the unc-119 rescuing construct. Three lines were isolated, one of which is RU204 [kdIs134(Pten-1b::ten-1::gfp); unc-119+].
Phenotypic analysis
L4 hermaphrodites were placed on separate plates and allowed to lay eggs. The mother was transferred to new plates twice a day. Animals were analyzed for brood size and the progeny for embryonic lethality and larval lethality.
For time-lapse microscopy embryos were placed on 2% agarose pad in egg buffer (Shakes and Epstein, 1995) . Recording was performed for 4-6 h at 20°C in multiple focal planes using Nomarski optics. Images were acquired with a Z1 microscope (Zeiss, Jena, Germany) and an Axio-Cam MRM camera (Zeiss). Movies were assembled using the ImageJ software.
For feeding mutants with epi-1 RNAi (Ahringer Library, NYU Langone Medical Center, New York, NY) or cle-1 or eff-1 RNAi (ORFeome feeding library v1.1, Open Biosystems Products, Huntsville, AL), L4 animals were placed on RNAi plates for 48 h at 15°C. Young adults were singled on fresh RNAi plates and allowed to lay eggs for 24 h at 20°C. The progeny were analyzed for embryonic lethality and larval lethality and adults for sterility and elegans TEN-1 is expressed in the epidermis and presumably localized basally binding to BM collagen IV. PHY-1 functions in the epidermis and in the muscle to modify procollagens, which are then incorporated into the extracellular matrix. (B) Loss of phy-1 function in muscle cells results in intracellular accumulation of incompletely processed procollagen and less secreted collagen IV into the BM. Loss of TEN-1 causes developmental defects in the epidermis and reduced binding to the BM. The combined effect of the missing BM receptor with less collagen further weakens the connection between the epidermis and body wall muscles. This leads to detachment of epidermis and muscle cells during late elongation of the embryo when mechanical stress is generated by muscle contractions.
Microscopy
Confocal images were acquired with a Zeiss Axiovert 200M equipped with LSM510. Optical sections were collected at 0.7-μm intervals and combined using the maximum projection function. For publication, confocal images were annotated using ImageJ. For confocal imaging of embryos expressing reporters, embryos of the appropriate ages were collected in egg buffer (Shakes and Epstein, 1995) . The embryos were treated with NaOCL (1:10 diluted in water) for ∼2 min. The embryos were washed in egg buffer, treated with chitinase (2.5 U in egg buffer) for ∼3 min, and washed again in egg buffer only. Embryos were transferred to a 2% agarose pad containing 10 mM sodium azide. Images of immobilized embryos were acquired immediately after treatment.
